In vertebrates, interneurons of the olfactory bulb (OB) are generated postnatally and throughout life at the subventricular zone of the forebrain. The neuronal precursors migrate tangentially through the forebrain using a well defined pathway, the rostral migratory stream (RMS), and a particular mode of migration in a chain-like organization. A severe size reduction of the OB represents the most striking morphological phenotype in neural cell adhesion molecule (NCAM)-deficient mice. This defect has been traced back to a migration deficit of the precursors in the RMS and linked to the lack of the polysialylated form of NCAM. In this study we investigate the morphological alterations and functional properties of the RMS in mice totally devoid of all isoforms of NCAM and polysialic acid (PSA). We show that a morphologically altered, but defined and continuous pathway exists in mutants, and we present in vivo and in vitro evidence that PSA-NCAM in the RMS is not essential for the formation and migration of chains. Instead, we find a massive gliosis associated with the formation of membrane specializations in a heterotypic manner, linking precursors to astrocytes. This finding and the over-representation and defasciculation of axons in the pathway suggest that important interactions between migrating cells and their stationary environment are perturbed in the mutants. Finally, we used transplantation experiments to demonstrate that lack of PSA-NCAM leads to a decrease but not a total blockade of migration and demonstrate that the mutant RMS is functional in transporting normal neuronal precursors to the OB.
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Most neurons in the brain are generated during embryonic and early postnatal stages. After leaving the cell cycle they migrate radial from their place of birth at ventricular zones to their final destinations using well described glia-guided mechanisms (Rakic, 1990) . However, interneurons of the olfactory bulb are generated postnatally and throughout the entire lifetime of rodents at the subventricular zone (SVZ) of the forebrain (Smart, 1961; Altman, 1969) . From here they migrate into the olfactory bulb (OB) following a well defined pathway, the rostral migratory stream (RMS), which is oriented tangentially in relation to the ventricular and pia surfaces. Only in the OB do the cells reorient to reach their correct target layers and differentiate into GABAergic interneurons (Kishi, 1987; Luskin, 1993; Lois and AlvarezBuylla, 1994; for review, see O'Rourke, 1996; Alvarez-Buylla, 1997; Goldman and Luskin, 1998) .
The mechanisms controlling the targeted translocation of large numbers of cells over a considerable distance (Ͼ5 mm in the adult mouse) are an issue of intense investigation. Chain migration, whereby the cells use each other as the migratory substrate, has been proposed to be the basis for the process, both for assembling the cells at the anterior horn of the lateral ventricle and also for the targeted migration within the RMS itself (Lois et al., 1996; Doetsch et al., 1997) . Furthermore, continuous tunnels of glial cells, morphologically and molecularly distinct from radial glia, have been demonstrated in the pathway and proposed to play a role in the migratory process (Jankovski and Sotelo, 1996; Lois et al., 1996; Peretto et al., 1997) .
A major question concerns the nature of the molecular cues involved in the correct targeting of the migrating precursors. The secretion of a chemoattractant factor by the OB appears as a possibility. Nevertheless, tissue derived from this structure had no directive influence on the migration Janovski et al., 1998) . On the other hand, a septum-derived secreted factor showed a repulsive effect on the SVZ cells . More recently, it has been shown that the secreted molecule slit shows such a repelling effect on SVZderived precursors (Wu et al., 1999) . Furthermore, integrins have been demonstrated to have a regulatory influence on precursor cell chain-migration and regulation of their divisions (Jacques et al., 1998) .
The highly polysialylated form of the neural cell adhesion molecule (NCAM) appears as another most promising candidate. Mice deficient for all splice variants (Cremer et al., 1994) or only the 180 kDa isoform (Tomasiewicz et al., 1993) of NCAM show a dramatically size-reduced OB and an accumulation of migrating precursors along the RMS. In early postnatal stages this effect is phenocopied by enzymatic removal of polysialic acid (PSA) from the pathway (Ono et al., 1994) , indicating the important role of the PSA modification in this process.
The consequences of PSA removal from the RMS by genetic or enzymatic methods have thus far been studied exclusively in early postnatal stages in mice lacking only the NCAM-180 isoform (Ono et al., 1994; . However, tangential cell migration persists in the adult animal, and the well-defined and thin-diameter pathway in later stages appears strikingly different from that of young mice in which a massive wave of migration occurs (Kishi, 1987; Kishi et al., 1990; G. Chazal and H. Cremer, unpublished observations) .
Here we present a detailed study of the consequences of NCAM deficiency (Cremer et al., 1994) on tangential cell migration in adult mice. In these mutants we find striking differences in the cellular organization and membrane contacts of the pathway, which might be responsible for severe alterations in cell migration. We also present evidence that the lack of PSA-NCAM interferes mainly with the organization of the stationary environment and its recognition by the migrating precursors and only marginally with the interactions between the precursor themselves. In vitro experiments, in which PSA was enzymatically removed from cultured SVZ explants, confirmed this observation. Finally, using transplantation experiments, we demonstrate that the mutant pathway is functional in the transport of neural precursors.
MATERIALS AND METHODS
Animals. NCAM-deficient mice have been described previously (Cremer et al., 1994) . All analyses were performed on a C57BL /6J background (five backcrosses) in mice between 3 and 6 months of age.
Immunohistochemistr y. For all histological analysis requiring perf usion, mice were deeply anesthetized with an overdose of xylazineketamine. Perf usion was performed intracardiacally with a solution of 4% paraformaldehyde in PBS. The brain was dissected out and immersed overnight in the same fixative at 4°C. Coronal and sagittal sections were serially cut at 50 m using a Vibratome. Immunohistochemistry was performed on floating Vibratome sections, as described previously (C alaora et al., 1996; Cremer et al., 1998) . Briefly, sections were first incubated overnight at 4°C with the following antibodies: PSA (dilution 1:200; Rougon et al., 1986) , mCD24 (dilution 1:100; Rougon et al., 1991) , anti-GFAP antiserum (1:100, Sigma), and anti-neurofilament (SM I-31; dilution 1:2000; Sternberger Monoclonals) before incubation with the corresponding fluorescent-labeled secondary antibody. Controls were performed either by omitting the first antibody or by replacing the first specific antibody with a nonimmune serum. Sections were analyzed using a standard Leitz (Wetzlar, Germany) confocal microscope and the complementary software package. For three-dimensional reconstruction, 10 individual virtual sections were reconstructed.
BrdU injections and staining. A sterile solution of BrdU (Sigma) at 10 mg /ml in PBS was injected intraperitoneally in mice at postnatal day 60 (P60) (50 mg / kg of body weight). To label the entire pathway and for counts of dividing astrocytes, four injections were given over 2 d; alternatively one injection was given 1 hr before perf usion. Vibratome sections of the brains were processed for immunohistochemistry, as described above. To denature DNA, sections were treated for 30 min at 37°C with HC l 2N in PBS containing 0.5% Triton X-100, then rinsed three times in sodium tetraborate buffer (0.1 M, pH 8.5) before incubation with anti-BrdU antibody (1:100; Dako, Glostrup, Denmark).
Conventional electron microscopy. For EM analysis adult mice were deeply anesthetized with an overdose of xylazine -ketamine and successively perf used with (1) 5 ml of PBS, (2) 20 ml of 4% paraformaldehyde (PFA) and 0.1% glutaraldehyde (G) in 0.1 M sodium phosphate buffer (pH 7.4), and (3) 10 ml of the same mixture without glutaraldehyde but containing sodium-m-periodate and lysine. Fifty-micrometer-thick sagittal or transversal Vibratome sections were post-fixed for 1 hr in osmium tetroxide. Dehydration was performed through increasing concentrations of ethanol followed by immersion in propylene oxide, propylene-Epon solution (1:1), and finally pure Epon. After infiltration overnight in Epon, the slices were flat-embedded between two plastic slides. Selected areas from the RMS were cut from the plastic wafer and semifine (2 m) or ultrathin (70 nm) sectioned. The sections were mounted on single-hole copper grids, stained with uranyl acetate and lead citrate, and examined with a Z eiss electron microscope.
Immunoelectron microscopy. Animals were perf used with a mixture of 4% PFA and 0.1% G. Vibratome sections (300 m) were fixed and embedded in LR Gold (TAAB Laboratories Equipment), as described in Berryman and Rodewald (1990) . Ultrathin sections were incubated with anti-PSA IgG (1:500; Pasteur Mérieux) or anti-BrdU IgG for 2 hr at RT and revealed with 10 nm gold-labeled goat anti-mouse IgG (1:30; Aurion).
For pre-embedding immunogold electron microscopy, Vibratome sections (70 m) were first treated with HC l 2N to denature DNA, as described before, then incubated at 4°C during 24 hr with anti-BrdU antibody (mouse IgG; dilution 1:100). They were post-fixed for 5 min in 4% PFA in PBS and incubated for 24 hr at 4°C with the secondary 0.8 nm gold antibody (goat anti-mouse IgG; Aurion), diluted 1:30 in 0.1% fish gelatin. The next day, a silver enhancement was performed for 10 min. The sections were osmicated, dehydrated, and flat-embedded in Epon resin. Ultrathin sections were performed on the selected areas and visualized with a Z eiss electron microscope.
SV Z e xplant culture. Cultures of SVZ explants were performed as described in Wichterle et al. (1997) . Briefly, 5-d-old mice were anesthetized by hypothermia and then killed by rapid decapitation. Brains were dissected out and placed in ice-cold HBSS medium (Life Technologies). After Vibratome sectioning, the SVZ from the lateral wall of the anterior horn of the lateral ventricle was dissected out from the appropriate section and cut into pieces of 100 -300 m in diameter. The explants were mixed with Matrigel (Beckton Dickinson, Mountain View, CA) and cultured in four-well dishes. After polymerization for 10 min, the gel was overlaid with 2 ml of serum-free medium containing B-27 supplement (Life Technologies), in presence or absence of 70 U of Endo N per milliliter prepared in our laboratory (Wang et al., 1994) . Culture were maintained in a humidified, 5% C O 2 , 37°C incubator.
Cell migration distance. After 48 hr in culture, explants were examined using phase-contrast microscopy (Axiovert 35M, Z eiss, Germany). Images were collected with a video camera (Cool View; Photonic Science) digitized, and analyzed using image-processing software (Visiolab1000; Biocom). Migration distance, calculated on three different experiments, including at least five explants per condition, was calculated as the distance in micrometers between the edge of the explant and the border of the cell migration front. Eight measurements were performed for each explant. The significance of the differences in cell migration under the two experimental conditions was calculated by Student's t test.
Transplantation. Tissue isolated from the adult SVZ of the transgenic mouse line ␤2nZ3Ј1, expressing lacZ under the control of elements of the ␤2-microglobulin promoter in subsets of developing and adult neurons (Cohen-Tannoudji et al., 1992) , was stereotaxically grafted into the parenchyma neighboring the lateral ventricle of wild-type (n ϭ 5) and NCAM-deficient (n ϭ 5) mice, as described before (Jankovski and Sotelo, 1996) , using the coordinates of L ois and Alvarez-Buylla (1994) . After a survival time of 30 d, animals were perf used and sectioned as described above. To detect ␤-galactosidase activity, the sections were incubated in an histochemical reaction containing 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (Xgal), a substrate that forms a blue precipitate, as described in Sotelo et al. (1994) . Sections were mounted on slides and counterstained with neural red.
RESULTS

Morphology of the RMS in NCAM-deficient mice
Nissl staining of sagittal sections from adult wild-type mice revealed the presence of a continuous and defined pathway linking the anterior horn of the lateral ventricle to the ipsilateral olfactory bulb (Fig. 1a) . The pathway was located between the overlying corpus callosum and the striatum in regions proximal to the ventricle; rostrally, it bordered the nucleus accumbens septi and the anterior olfactory nucleus before entering the OB. The stream was of small and relatively regular diameter, only at the most ventral part it appeared wider and fanned out.
In NCAM-deficient mice, the RMS also appeared as an unbroken connection between the lateral ventricle and the ipsilateral olfactory bulb (Fig. 1b) . The pathway was located in the same position as in the wild-type and neighbored the same structures, but appeared larger in diameter over its entire length.
In the wild-type, PSA-NCAM, the most used marker for the RMS, was expressed along the entire pathway and revealed the chain-like organization of the structure ( Fig. 2b ; Rousselot et al., 1995) . Immunogold staining for PSA at the ultrastructural level (Fig. 2e ) demonstrated the expression of the determinant restricted to the membrane of neural precursors, thereby showing a high degree of clustering (Fig. 2e, arrows) . Astrocytes were always devoid of staining (data not shown). To analyze the structure and composition of the mutant RMS in the absence of PSA-NCAM, we used antibodies against the glycosyl-phosphatidylinositol anchored glycoprotein mCD24 (Nedelec et al., 1992) . During development and in adult stages, mCD24 was shown to be expressed in a pattern comparable to that of PSA-NCAM ( Fig. 2a ; Calaora et al., 1996) . Confocal laser microscopy revealed in the wild-type the highly colocalized expression of the two molecules on the precursors arranged in chains ( Fig. 2a-c) . The pathway was of small diameter with the cells organized in chain-like aggregates oriented strictly in the direction of migration.
In the mutants, the mCD24 antibody also stained cells in the whole pathway while PSA staining was entirely lacking, as expected. However, the RMS was of considerably wider diameter, consistent with the alterations we found in the Nissl-stained material (Fig. 2d) . Cells in the pathway were closely apposed and showed some degree of chain-like arrangement, although less pronounced than in the controls (Fig. 2d) . As further PSAindependent markers for immature neurons we used antibodies against class III␤-tubulin (TuJ1) and nestin, which gave comparable results to mCD24 staining (data not shown).
Arrangement of glia and axons
Astrocytes, organized in tube-like aggregates, have been described in the RMS and proposed to be of importance for the migratory process in adults (Jankovski and Sotelo, 1996; Lois et al., 1996; Peretto et al., 1997) . To investigate the consequences of NCAM deficiency on this cell population, we analyzed the expression of GFAP, a marker for a major subpopulation of astrocytes and known to be expressed in the RMS (Lois et al., 1996; Fig. 3 ). In the wild-type, prominent GFAP staining was visible from the SVZ to the OB, overlapping with the RMS, as revealed by Nissl staining (Fig. 3a) . In addition, some positive cells were seen in the overlying corpus callosum, whereas the ventrally positioned striatum was devoid of GFAP immunoreactivity (Fig.  3a) . Processes of these astrocytes were oriented rostrocaudally, ensheathing the mCD24-positive cell population and separating it from the surrounding parenchyma (Fig. 3c) .
In the mutants, there was a massive increase in GFAP-positive structures along the RMS (Fig. 3b ). In addition, the orientation of the glial processes in the direction of migration was less obvious, the processes being thicker and scattered over a wider area than Figure 1 . Localization of the RMS in adult wild-type (a, wt) and NCAM-deficient (b, Ϫ/Ϫ) mice. Light micrographs of Nissl-stained sagittal sections through the forebrain reveal in both animals a continuous pathway connecting the anterior horn of the lateral ventricle (lv) to the center of the olfactory bulb (ob). In the wild-type, the pathway is of small diameter over its entire length. Only at its most ventral part it appears slightly dispersed. In the mutant, the pathway is larger in diameter, especially in its caudal portion between the corpus callosum (cc) and the striatum (st), but represents an unbroken and anatomically correct localized structure. Scale bar, 0.5 mm. Figure 2 . Expression of PSA-NCAM and mCD24 in the wild-type (a-c, e, wt) and NCAM-deficient (d, Ϫ/Ϫ) RMS. In the wild type, confocal microscopy reveals that staining for mCD24 ( a) and PSA-NCAM ( b) are largely overlapping ( c) and shows the chain-like arrangement of neural precursors migrating in the pathway. In mutants ( d), mCD24 labeling demonstrates the massive accumulation of cells in the RMS. Nevertheless, the chain-like organization is still obvious, whereas PSA-NCAM staining is totally absent, as expected. e, Immunoelectron microscopic image of the contact area of two neural precursors ( n) in the wild-type RMS at 20,000ϫ magnification. PSA-associated gold particles are found in clusters (arrows) distributed over the membranes. Scale bar: a-d, 50 m; e, 300 nm.
in the wild-type (Fig. 3d) . A large number of precursors were not ensheathed by glial processes and thus in direct contact with the surrounding tissue (Fig. 3d, arrow) .
As a second glial cell type in the RMS, we identified oligodendrocytes using antibodies against GalC. As for GFAP, we found consistently increased immunoreactivity for this antigen (Fig.  3e ,f ) in mutants.
As a further major component of the pathway, in addition to neural precursors and glial cells, we identified numerous axonal structures. In the wild-type, staining for the axonal marker neurofilament heavy chain revealed the presence of axon bundles between the chains of precursors identified by mCD24. These axons were oriented strictly in the direction of the migratory stream and could be followed over considerable distances in three-dimensional reconstructions of confocal images (Fig. 3g) .
In the mutant RMS, neurofilament immunoreactivity was much more widespread. The staining was dispersed and did not show the high degree of organization and orientation found in the wild-type (Fig. 3h) . Tracing of individual fascicles over long distances, as in the wild-type, was not possible. The appearances of extensive punctuate neurofilament staining suggested the presence of fibers leaving the plane of the sagittal section, thus oriented perpendicular to the direction of migration.
At the moment we can only speculate about the source of these axons. However, on some of our confocal three-dimensional reconstructions of neurofilament-stained sections, axons seem to invade the pathway from the surrounding tissue, as for example the striatum (Chazal and Cremer, unpublished observation). In contrast, we never saw any bundles emanating from the perpendicular running axons of the overlying corpus callosum.
Ultrastructural organization
Frontal sections through the wild-type RMS identified the typical organization of the pathway with its three major components: precursors, astrocytes, and axons (Fig. 4 A,C) . Neural precursors, distinguished by their more darkly stained electron dense nuclei of relatively regular shape, were always organized in groups with their membranes in close apposition, reflecting their organization in chain-like aggregates (Fig. 4C, small arrows) . This arrangement was even more apparent in sagittal section (Fig. 5A) where chains of closely linked precursors could be traced over long distances (Fig. 5C, schematic representation) . Astrocytes, identified by their more polymorph and lighter-stained nuclei and the presence of glycogen granules in their cytoplasm, were localized in the periphery of groups of progenitors (Figs. 4C, 6 A) . Their processes ensheathed the chains of precursors (Figs. 4C, 6A ), thereby separating them completely from their environment, which consisted mainly of bundles of nonmyelinated and individual myelinated axons as well as blood vessels (Figs. 4 A,C, 5A ). The equivalent diameter and shape of the axon profiles in transverse section indicated their strictly rostrocaudal orientation, parallel to the direction of migration (Figs. 4C, 6A , large arrows).
In the mutant RMS, the general ultrastructural organization changed dramatically. The most obvious alteration was the massive accumulation of axonal structures (Fig. 4 B,D) , as was already suggested by the neurofilament staining (Fig. 3e,f ) . Although the relatively few axons present in the wild-type pathway show a high degree of fasciculation and a strictly rostrocaudal orientation (Figs. 4C, 6A , large arrows), this configuration was almost entirely lost in the mutant (Figs. 4 B,D, 6D) . Here, the axons in the RMS showed no obvious signs of bundling or specific orientation (Fig.  4C,D) . In addition, isolated precursors, not integrated into chains, became visible. Most of them were in direct contact with axonal structures lacking the separating glia sheath (Figs. 4 D, 5B, 6 D,  arrow) . The heterogeneous shapes of their nuclei, which in addition showed atypically deep invaginations (Fig. 4 D) , indicated a loss of rostrocaudal orientation. (a, c, g, wt) and NCAM-deficient (b, d, h, Ϫ/Ϫ) RMS. Glial fibrillary acidic protein (GFAP) staining reveals the presence of astrocytes over the entire length of the pathway in wild-type ( a) and mutant animals ( b). In mutants, there is a massive accumulation of GFAP immunoreactivity distributed over a wider area. Double staining for GFAP (red) and mCD24 ( green) demonstrates that in the wild-type ( c) glial processes, which are of small diameter and oriented in the direction of migration, ensheath and cover the entire free surface of chains. In the mutant (d ), GFAP immunoreactivity is strongly increased; the processes appear thicker in diameter and less organized in the rostrocaudal direction. In addition, the covering of precursors appears discontinuous, leaving them exposed to the environment (arrow). Labeling for the oligodendrocyte marker GalC (e, f, red; mCD24, green) reveals the presence of this cell type in the control ( e) as well as the mutant ( f ) RMS. As for GFAP, GalC appears to be more expressed in the mutant pathway. Double staining for the axon marker neurofilament (NF, red) and mCD24 ( green) demonstrates the presence of axons in the RMS. In the wild-type ( g), neurofilament positive structures are always well defined and oriented in the direction of migration, allowing the tracing of axon fascicles over considerable distances. In the mutant ( h), neurofilament immunoreactivity was much more abundant but dispersed, not showing the high degree of organization and orientation found in the wild-type. The punctuate aspect of the NF immunoreactivity indicates axons leaving the plane of the section. cc, Corpus callosum; st, striatum. Scale bars: a, b, 400 m; c-h, 30 m.
Accompanying astrocytes, in the wild-type always in direct contact and ensheathing groups of precursors, were now isolated or only partially connected to these cells (Figs. 4 D, 6D) . Although astrocytes were present, continuous tubes, as seen in the wildtype (Fig. 6 A) , could not be identified. Despite these drastic changes, the majority of precursors were still grouped together in closely linked clusters, suggestive of an arrangement in chains (Fig. 4 B, D) . This organization, reminiscent of the wild-type situation, was even more obvious in the sagittal plane, where chains could be followed over long distances, even in the absence of the ensheathing glia (Fig. 5B) . Nevertheless, these were less frequent and more dispersed (Fig. 5C,D , compare schematic rep- Figure 4 . Ultrastructural organization of the wild-type (A,C) and PSA-NCAM-deficient (B,D) RMS. In frontal section, the wild-type RMS ( A) appears as a highly organized structure containing groups of neural precursors ( n) accompanied by astrocytes ( a). Individual oligodendrocytes ( O), axon profiles, and blood vessels were visible. The mutant pathway ( B) shows a lower degree of cell grouping and a massive invasion of axonal structures. In higher magnification (C, D), it becomes obvious that in the wild-type ( C) groups of neural precursor ( N), representing chains (small arrows), are accompanied by astrocytes (As), together forming dense groups. Individual myelinated ( M ) and bundles of nonmyelinated axons (large arrow) appear in proximity but are spatially separated from precursors. The equivalent diameter of these fibers shows the strictly parallel orientation, indicative of fasciculation. In contrast, the mutant pathway ( D) shows striking disorganization: a lower, but still considerable, degree of cell grouping (small arrows), astrocytes (As) separated from grouped precursors by intercalating axon profiles, and a massive invasion of these axonal structures. Note that these axons show no obvious signs of orientation or bundling. noa, Nucleus olfactorius anterior; Scale bars: A, B, 10 m; C, D, 3 m. resentations). Instead, isolated precursors without obvious contact to aggregates were found.
The histological changes in the mutant RMS have been evaluated quantitatively via cell and axon counts on electron micrographs at different levels of the RMS (Table 1) . A variety of morphological criteria have been used for the discrimination of the different cell types, as described (Jankovski and Sotelo, 1996; Doetsch et al., 1997) . At all levels of the pathway, we found an approximately twofold increase in the astrocyte-precursor ratio, verifying quantitatively the massive GFAP staining visible at the light microscopic level (Fig. 3b,d ). Furthermore, we found a more than fourfold increase in the number of myelinated axon profiles in the PSA-NCAM-deficient RMS. As mentioned above, this increase is associated with an augmentation in GalC immunoreactivity, and cell counts at the EM level suggested a small increase in the number of oligodendrocytes within the pathway (Table 1) .
Membrane contacts
The plasma membrane of precursors organized in chains established two main classes of contacts: (1) those without obvious cytological specializations in the areas of contact, and (2) those presenting features of junctions. The first class of highly parallel membrane apposition was the most common, cells adhering to one another at any part of their surfaces (Fig. 6 A) . Less common but clearly visible were specialized junctions between the membranes of precursors, which we characterized as the zona adherens type. They presented flocculent material in the intracellular cleft and densely stained material on the cytoplasmic side of the membrane (Fig. 6 B) . Specialized contacts between glial cell processes were numerous. They were identified as typical gap junctions with a characteristic dense line between the associated membranes (Fig. 6C) . Specialized contacts between precursors and glia cells were never observed.
In the mutant, in addition to the homotypic specialized contacts described above (Fig. 6 E,G) zona adherens-like heterotypic precursor-astrocyte contacts were identified (Fig. 6 F) . Furthermore, high-magnification images demonstrated that the general membrane apposition of the different cell types in the pathway, which in the wild-type was characterized by a regular and parallel organization (Fig. 6 A; Gregory et al., 1988) , was different in the mutants. Here the membranes appeared much more irregular and curved (Fig. 6 A,D , compare precursors).
Precursors and glial cells are generated in the RMS
Using the cell-division marker BrdU we analyzed the proliferating cell populations in the wild-type and NCAM-deficient RMS. Four injections were given over a period of 48 hr. In both mutants and wild-types, immunolabeling for the presence of incorporated BrdU revealed dividing cells at the SVZ and along the entire length of the pathway (Fig. 7a,b) , overlapping almost perfectly with the RMS as identified by Nissl staining (compare Fig. 7a,b to Fig. 1a,b) .
To characterize the dividing cell populations in the RMS itself, we injected BrdU 1 hr before perfusion and used double immunostaining for BrdU and PSA, mCD24, or GFAP. In control animals, double labeling for PSA and BrdU revealed the presence of dividing precursors integrated in chains along the entire pathway (Fig. 7c,d) . The distribution and organization of these cells were equivalent to the BrdU/mCD24-positive population (Fig.  7e) , again suggesting that mCD24 labeled the same group cells. Accordingly, we identified mCD24/BrdU-positive cells in the NCAM-deficient RMS (Fig. 7f ) . Furthermore, individual dividing astrocytes could be identified using GFAP/BrdU immunostaining in wild-type as well as mutant mice (Fig. 7g,h ). To investigate if the massive over-representation of astrocytes in the mutant RMS is a consequence of their permanent overproduction, we aimed to quantify the amount of newly generated cells of Figure 5 . Organization of the RMS in sagittal section. In the wild-type ( A), the neural precursors ( n) show an elongated shape and are organized in continuous chains (small arrows). In the mutant ( B) neural precursors ( n) appear more variable in shape, but the majority is still organized in rostrocaudally oriented chain-like arrangements, which can be traced over long distances (C, D, schematic representations) . Nevertheless, chains are less frequent and more dispersed. The entire pathway in mutants appears highly disorganized because of the presence of many nonmyelinated and myelinated ( m) axons, which show no preferential orientation or organization. A, Astrocyte; v, blood vessel. Scale bar, 10 m. this type. Immunogold labeling of BrdU-positive cells and analysis at the EM level turned out to be the only reliable way to doubtlessly identify and count this cell type (Fig. 7i,j) . In reconstructions of comparable areas from two different regions of the RMS, we identified in the wild-type 4.1% (2 of 49) of all astrocytes positive for BrdU. In the mutant 4.8% (6 of 126) of all astrocytes had gold particles over their nuclei, suggesting that the proliferation rate of this cell type is comparable in both situations.
Effects of PSA-NCAM removal on migration of SVZ cells in vitro
To further examine the role of PSA-NCAM on the migratory behavior of SVZ cells, we set up an in vitro assay, in which SVZ explants were cultured for 2 d in matrigel. This three-dimensional Absolute numbers of precursors and astrocytes were identified and counted in semithin sections at three different levels (see schematic drawing, levels 1-3) of the RMS. Newly generated (BrdUϩ) astrocytes and oligodendrocytes, as well as myelinated axons were identified in ultrathin sections at levels 1 and 2, thus in more central parts of the pathway. Heterotypic contacts between precursors and glia were never seen. In the mutant ( D), precursors can still be found as groups but appear less organized. Astrocytic processes (As) enwrap precursors only partially, leaving them exposed to surrounding parenchyma. Homotypic contacts (N/N; As/As) in mutants were comparable to the wild-type (E, G), but in addition many heterotypic precursor astrocyte membrane specializations of the zona adherens type are found ( F). Scale bars: A, D, 1 m; B, C, E, F, G, 200 nm. matrix allows, in contrast to collagen , to analyze chain migration in vitro (Wichterle et al., 1997) . After 48 hr in culture, an extensive network formed around the explants under control conditions (Fig. 8 A) . In the presence of Endo-N in the culture medium, which completely removes PSA from the surface of the cells (Wang et al., 1994) , network formation and cell migration out of the explants was reduced but nevertheless considerable (Fig. 8 B) . Statistical analysis showed that the average migration distance was reduced at ϳ25% in the presence of EndoN (83.4 Ϯ 3.3 m) compared to controls (112.6 Ϯ 4.3 m; Fig. 8C, frequency distribution plot) . Furthermore, we found that the organization of migrating cells differed in the two conditions. After 24 hr in culture under control conditions (Fig. 8 D) , migrating SVZ cells appeared always arranged in chains, thereby showing a high degree of compaction (Wichterle et al., 1997) . In contrast, after 24 hr of culture in the presence of EndoN, most cells appeared only in loose contact to each other during their migration away from the explant. However, few chain-like arrangements were identified, which showed a lower degree of compaction than the controls (Fig. 8 E) .
When control cultures were observed after 48 hr (Fig. 8 F) , almost all migrating SVZ cells were found integrated into well compacted chains. These were generally longer than those observed at 24 hr, but showed a similar morphology. In the presence of EndoN, a chain-like arrangement of SVZ cells was clearly visible but less frequent. Nevertheless, chains could be identified and showed a morphology comparable to the controls (Fig. 8G) , except for a lower degree of compaction among individual precursors.
The mutant RMS is functional
We used transplantation studies to investigate if the NCAMdeficient RMS was functional and able to transport NCAMexpressing neural precursors from the SVZ to the OB. Tissue isolated from the SVZ of the transgenic mouse line ␤2nZ3Ј1, expressing lacZ in subsets of developing and adult neurons (Cohen-Tannoudji et al., 1992) , was grafted into the SVZ of wild-type (n ϭ 4) and NCAM-deficient (n ϭ 4) mice. Thirty days after the graft, animals were perfused and stained for the presence of ␤-galactosidase. In both groups only two of the transplanted animals showed ␤-galactosidase-positive cells integrated into the host tissue. In one of migration-positive mutant animals the graft was misplaced into the ventricle, but in close contact to the anterior wall. This was probably because of the larger size of the lateral ventricle in NCAM-deficient mice (Wood et al., 1998) . In the other four animals, which showed no migration, the grafted tissue was not placed in the SVZ or in contact to the anterior wall of the ventricle.
In both control and mutant grafted mice, we found ␤-galactosidase-expressing cells integrated in the SVZ (Fig. 9a,b) , 4 wild-type demonstrated the presence of PSA ( green)/BrdU (red) doublepositive cells integrated into chains 1 hr after BrdU injection (c,d). In the wild-type and mutant, mCD24 ( green)/BrdU (red)-labeled cells were comparably located within chain-like structures (e, f ). The RMS of both groups contained also individual GFAP ( green)/BrdU (red)-stained cells, demonstrating the production of new astrocytes in the pathway. Both cell types, dividing neural precursors ( n) and astrocytes ( a) were also identified in the wild-type ( i) and mutants ( j) using immunogold labeling for BrdU and electron microscopy. Arrows indicate BrdU-associated gold particles overlying nuclei of dividing cells. Scale bar: a, b, 1 mm; c-h, 10 m; i, j, 4 m. (Fig. 9c,d) , and also in the OB (Fig. 9e,f ) . In controls, we found 22 of 164 lacZ-expressing cells integrated in the OB (13%), whereas in mutants 6 of 106 labeled cells (6%) reached their target. Although the low numbers of labeled cells do not permit a quantitative evaluation, these data clearly show that migration of PSA-NCAM-deficient neural precursors in a wild-type environment occurs.
DISCUSSION
In this study we investigated the structure and properties of the RMS in adult mice deficient for all NCAM isoforms, which have been shown to be also devoid of PSA (Cremer et al., 1994) . Our main findings are that (1) a morphologically altered but defined pathway connects the SVZ to the OB in mutants, (2) mutant neural precursors are still able to form chains in vivo as well as in vitro, (3) the migratory environment, consisting of glial cells and axons, shows dramatic quantitative and qualitative changes, (4) membrane specializations, which in the wild-type occur only homotypically, are in the mutant additionally formed in a heterotypic manner, linking migrating precursors to glial cells, and (5) the PSA-NCAM-deficient pathway is able to transport precursors from the SVZ into the OB.
Neural precursors migrating in the RMS have been shown to be organized in particular chain-like arrangements, and chain migration, with the cells using each other as the migratory substrate, has been proposed to underlie the massive transport of cells in this system (Rousselot et al., 1995; Doetsch and Alvarez-Buylla, 1996; Lois et al., 1996; Wichterle et al., 1997) . A function for PSA-NCAM in the formation of these chains has been suggested based on the expression of PSA-NCAM by the migrating cells (Rousselot et al., 1995; Wichterle et al., 1997) and the observation that migration in the RMS is hampered in mice lacking NCAM and PSA (Tomasiewicz et al., 1993; Cremer et al., 1994) . Nevertheless, an active role for PSA-NCAM in the formation of chains has not been conclusively demonstrated so far.
We find that in all regions of the mutant RMS precursors are still able to form chain-like structures, although less frequent than in the wild type. Aggregates of closely linked cells could be traced over considerable distances in confocal and electron microscopic Borders between individual cells were not prominent (D, F, black arrows) . In the presence of EndoN for 24 hr, fully developed chains were rare (compare A, B), but clearly distinguishable when they appeared ( E). In these aggregates individual cells (arrow) were easily distinguishable, contrary to the wildtype. After 48 hr ( G) well-defined aggregates became visible in the EndoNtreated cultures. Nevertheless, as at 24 hr, borders between cells were more prominent, allowing the identification of individual cells ( F, G, compare black arrows). studies. This strongly suggests that undisrupted chains of neural precursors are able to form and transport cells in the absence of PSA-NCAM. In support, we find that the particular zona adherens-like membrane specializations, which have been shown to connect the migrating precursors to each other in the wild-type (Jankovski and Sotelo, 1996; Lois et al., 1996) , still exist in the mutant RMS. We also find that after removal of PSA from SVZ explants in vitro distinguishable and well-defined chains develop. Although the formation of these aggregates appears delayed and show a lower degree of compaction than in the controls, this is also in favor of the idea that the basic ability of SVZ-derived neural precursors to form chains is largely independent of the presence of PSA-NCAM. Our findings are in agreement with results from transplantation experiments performed by , showing that SVZ cells from NCAM-180-deficient mice transplanted into a wild-type RMS were able to migrate into the OB. The authors, however, argue that migration of these transplanted cells results from their integration in actively moving PSA-NCAM-expressing chains. We demonstrate here that mutant precursors are able to assemble and migrate in aggregates consisting entirely of PSA-NCAM-deficient cells in vivo as well as in vitro.
The question then occurred of whether the highly perturbed stationary environment in the mutants hampers migration between the SVZ and the RMS. We used transplantation of ␤-galexpressing wild-type cells into mutant and control brains to investigate this point. Thirty days after grafting into the lateral ventricle, ␤-gal-positive cells were found in the SVZ, RMS, and OB of mutant animals, clearly demonstrating that the mutant RMS is capable to transport cells over its entire length.
However, the finding that lacZ-expressing SVZ cells grafted into the adult mutant brain were able to migrate and reach the OB appears at first sight in striking contrast to the study of . They reported that DiI-labeled wild-type SVZ tissue grafted into NCAM-180-deficient mice resulted in the almost complete absence of migration. A possible reason for this difference could be that in the first study early postnatal donor and host animals were used, whereas adult animals were investigated in this study. Migration in the early postnatal RMS might be more dependent on the presence of PSA-NCAM than in the mature structure. Alternatively, and in our opinion more likely, the discrepancy results from differences in the time of observation. Presumed that the rate of translocation is slower in the perturbed mutant RMS than in the wild-type, a 5 d delay before examination could be insufficient to observe migration, whereas 30 d after grafting (our study), the cells have been able to reach the OB. This second explanation is also supported by our explant studies, performed with tissue from 5-d-old animals; thus comparable to the time window used by . Our data clearly indicate that precursors from the early postnatal SVZ are still able to perform chain migration in matrigel, even after removal of PSA. The observation that generation of chains and their migration are delayed compared to the control situation, as suggested by these in vitro results, might well account for the differences in the outcome of the two studies. However, a passive "towing along" of isolated mutant precursors by PSA-expressing chains, a mechanism proposed by , appears not necessary to explain the migration of mutant SVZ cells in a wild-type environment.
Altogether, the presence of intact chains and the results of the transplantation studies are in favor of a more important role of PSA-NCAM in interactions of precursors with their environment, than between the migrating precursors themselves. The major component of the surrounding parenchyma are GFAPpositive astrocytes, which in the adult wild-type form continuous, tunnel-like sheaths and separate the chains of migrating neuronal cells completely from their environment (Jankovski and Sotelo, 1996; Lois et al., 1996; Peretto et al., 1997 ; this study). Because of the abundance and high degree of organization along the entire RMS, a function in the guidance of tangential migration has been proposed (Lois et al., 1996; Peretto et al., 1997) . However, in vitro analysis revealed that the migration process itself is independent of glial cells (Wichterle et al., 1997 ; our studies).
The striking loss of the tube-like arrangement of astrocytes, leaving precursors directly exposed to the nearby parenchyma, represents probably the most severe morphological alteration in the mutant RMS. In addition to this general disorganization, we find a massive accumulation of astrocytes in the pathway, shifting the ratio between precursors and glial cells from 5.7:1 in the wild-type to 2.8:1 in the mutant. The finding that newly generated astrocytes in the pathway appear at about the same frequency in mutants and controls suggests that this over-representation is a consequence of a developmental accumulation and not attributable to a permanent massive increase in their proliferation rate. A further striking change is, that in the wild-type precursors form specialized membrane junctions only among themselves, whereas glial cells are homotypically connected by gap junctions (Jankovski and Sotelo, 1996; Lois et al., 1996) . In mutants, we find in addition to these contacts a variety of precursors linked to astrocytes via zona adherens type junctions.
Thus, lack of NCAM results in a perturbation of neuron-glia interactions, and modifications in these interactions might in turn be responsible for the inhibition of migration in the RMS. It has been demonstrated that a cross-talk exists between neurons and glial cells and data in favor of an active role of PSA-NCAM in this process has been presented (Garcia-Segura et al., 1995; Loudes et al., 1997) . The lack of PSA-NCAM on the surface of migrating precursors might alter the proliferative properties of this glial cell population, a scenario that appears reminiscent of astrogliosis occurring in neurodegenerative diseases even before any signs of neuronal damage (Hoffmann et al., 1992 ). It appears also conceivable that glial cells might perform the general function to enwrap any free membrane of migrating neural precursors. The existence of precursors not integrated in chains in mutants would represent additional membrane surface to cover and consequently be the reason for changes in the astrocyte/ precursor ratio.
As further components of the RMS, besides precursors and astrocytes, we identified bundles of nonmyelinated, individual myelinated axons as well as small amounts of oligodendrocytes. In the wild-type, the axons were generally oriented parallel to the direction of migration and could be traced over considerable distances within the pathway. Neurofilament staining suggested that they invade the pathway from the surrounding tissue, as for example the striatum. In contrast, we never saw any bundles emanating from the perpendicular running axons of the overlying corpus callosum (Chazal and Cremer, unpublished observation) .
Axons in the RMS have been described before (Kishi et al., 1990; Jankovski and Sotelo, 1996) , but a direct role in the migratory process has been excluded (Alvarez-Buylla, 1997) mainly for two reasons. First, most of the precursor somata are not in direct contact with axons (Kishi et al., 1990 ; this study), and second, DiI labeling studies did not reveal continuous fibers connecting the SVZ to the OB (Lois et al., 1996) . Nevertheless, the fact that in the mutant RMS we observed a massive accumulation of axon profiles, myelinated processes being five times more abundant, as well as their striking loss of fasciculation, might reflect an active participation in the migration process. Such a function has already been shown for young tectobulbar neurons (Gray and Sanes, 1991) as well as migrating oligodendrocyte precursors (Ono et al., 1997) . However, a direct axonophilic mode of guidance (Rakic, 1990) in this system appears unlikely because, as already mentioned, most of the precursors are physically separated from axon bundles by glial cells. Thus, it appears more probable that the highly oriented fascicles, possibly originating from surrounding brain structures as for example the striatum, in concert with the tube-like arranged glial cells, provide the organized and permissive environment, which appears essential for the transport of large amounts of cells through the mature forebrain. In mutants, it seems possible that the considerably wider pathway, containing cells that migrate more individualized and show a lower degree of orientation, recruits more axons from the surrounding structures, leading to their striking overrepresentation. Furthermore, the disorganization of the migration process itself could account for the defasciculated appearance and loss of orientation of the axons. Alternatively, the defasciculation of axons in the mutant pathway might be a primary defect occurring during development. Evidence from our (Cremer et al., 1997) and other (Seki and Rutishauser, 1998) laboratories suggests, that lack of PSA-NCAM results in defasciculation of hippocampal mossy fibers during development. Because PSA-NCAM is expressed on all growing fiber tracts in the developing CNS, the perturbation effects seen in the hippocampus are likely to be relevant in other situations.
NCAM-deficient mice represent the first, and so far also the only, genetic model to study the in vivo functions of NCAM and PSA. Nevertheless, they are also charged with a variety of disadvantages. First, the fact that these animals are chronically devoid of NCAM does not allow discriminating, if the defects we find are consequences of alterations that occurred during development or if they are caused by the acute lack of the molecule in the adult. A second drawback lies in the fact that NCAM is the only known carrier for PSA, which makes it impossible to discriminate if phenotypic changes in NCAM-deficient mice are attributable to the lack of the protein itself or merely caused by the absence of PSA. Specific conditional mutants, lacking NCAM only at certain stages, or mouse models lacking either PSA or NCAM will be necessary to approach these questions.
